Refractive error, higher order aberrations (HOA), axial length (AL), anterior chamber depth (ACD) and average corneal radius of curvature were measured after cycloplegia from 166 emmetropic participants at the Sydney Myopia Study (SMS, 2004(SMS, -2005.63 ± 0.48 years). Measurements were repeated approximately 5 years later at the Sydney Adolescent Vascular and Eye Study (SAVES, 2009(SAVES, -2010 17.08 ± 0.67 years). The baseline spherical equivalent (M) did not differ significantly between the participants lost to follow-up (65%) and the participants enrolled in SAVES study (p = 0.932). Refractive error and HOA were measured using a Shack-Hartmann aberrometer for a pupil diameter of 5 mm and AL, ACD and average corneal curvature measured using IOL Master at both visits. Retinal image quality in terms of Visual Strehl ratio (VSOTF) for a 5 mm pupil diameter was determined using on-axis lower and HOA. 
Introduction
Abnormal or high levels of higher-order aberrations (HOA) or variations in specific individual aberrations and degraded retinal image quality due to HOA are considered to play an important but weak role in myopiagenesis (Charman, 2005) . Specific individual aberrations such as spherical aberration have been hypothesised to have the potential to disrupt emmetropisation, with negative spherical aberration inducing myopic ocular growth and positive spherical aberration retarding ocular growth (Collins & Wildsoet, 2000) .
Several studies have attempted to determine the role of HOA in 'myopisation' by investigating the mean levels of aberrations in different refractive error groups, but the results are equivocal (Collins, Wildsoet, & Atchison, 1995; Porter, Guirao, Cox, & Williams, 2001; Carkeet, Luo, Tong, Saw, & Tan, 2002; He et al., 2002; Marcos, 2002; Paquin, Hamam, & Simonet, 2002; Cheng, Bradley, Hong, & Thibos, 2003; Llorente, Barbero, Cano, Dorronsoro, & Marcos, 2004; Radhakrishnan, Pardhan, Calver, & O'Leary, 2004; Buehren & Collins, 2006; Kirwan, O'Keefe, & Soeldner, 2006; Atchison, Schmid, & Pritchard, 2006; Jinhua Bao, Wu, Shen, Lu, & He, 2009; Martinez, Sankaridurg, Naduvilath, & Mitchell, 2009; Thapa, Fleck, Lakshminarayanan, & Bobier, 2011; Zhang et al., 2013) . Some of the aforementioned studies reported myopic eyes to have high levels of HOA in comparison to non-myopic eyes (Buehren & Collins, http://dx.doi.org/10.1016/j.visres.2014.10.003 0042-6989/Ó 2014 Elsevier Ltd. All rights reserved.
2006; Collins et al., 1995; He et al., 2002; Kirwan, O'Keefe, & Soeldner, 2006; Marcos, 2002; Paquin et al., 2002; Radhakrishnan et al., 2004) . High myopic eyes were reported to have high SA (Kirwan, O'Keefe, & Soeldner, 2006) , coma (Paquin et al., 2002) , 3rd-order and higher-order aberrations (Kirwan, O'Keefe, & Soeldner, 2006; Marcos, 2002) compared to low myopic or nonmyopic eyes. Radhakrishnan et al. reported high but non-significant (p = 0.08) 4th-order SA in myopic eyes compared to non-myopic eyes (Radhakrishnan et al., 2004) . Buehren et al. reported that myopic eyes possess high 4th, 5th and higher-order aberrations compared to emmetropic eyes (Buehren & Collins, 2006) . A recent study reported higher amount of total HOA, coma RMS and third order RMS in eyes with fast progressing myopia (myopia progression P 0.50 D) compared to slow progressing myopia (60.50 D) (Zhang et al., 2013) . Interestingly few studies have reported less 4th order (Collins et al., 1995) , less SA (Kwan, Yip, & Yap, 2009; Marcos, 2002) , less positive C[4, 0] (Carkeet et al., 2002) , less 3rd and higher-order aberrations (Kwan et al., 2009) in myopic eyes compared to non-myopic eyes.
Hyperopic eyes were observed to have high 3rd order, SA, higher-order aberrations and C[4, 0] compared to myopic (Llorente et al., 2004) or emmetropic eyes (Martinez et al., 2009; Thapa et al., 2011 ). Yet other studies found no difference in aberrations between various refractive error groups (Atchison et al., 2006; Cheng et al., 2003; Jinhua Bao et al., 2009; Porter et al., 2001) .
In addition to the results being equivocal, the studies were cross-sectional in nature and hence were unable to establish a clear understanding on the role of HOA in the development or progression of myopia.
This study aims to determine the role of HOA and the associated retinal image quality in 'myopisation' of emmetropic eyes. To achieve this aim, children who were emmetropic at baseline visit (mean age 12 years) were followed up after 5 years to determine if HOA and the associated retinal image quality was associated with the development of myopia in these eyes.
Methods
On-axis aberrations of the eyes of 678 adolescents aged 16-19 years were measured as part of the Sydney Adolescent Vascular and Eye Study (SAVES, June 2009 -August 2010 and previously as part of the Sydney Myopia Study (SMS, 2004 (SMS, -2005 (Ojaimi et al., 2005) . Of the 678 adolescents, 176 were emmetropic, 95 were myopic and 375 were hyperopic at the baseline visit (Sydney Myopia Study, 2004 .
The SAVES study followed the tenets of the Declaration of Helsinki and was approved by the Human Research Ethics Committee, University of Sydney and the New South Wales State Department of Education and Training, Australia. Written informed consent was obtained from at least one parent of each participant who was below 18 years of age and directly from the participants aged 18 years or above. Aberration data from both eyes were obtained, however data from only one eye (right eyes only) were analyzed due to the correlation observed between both eyes (Thibos, Hong, Bradley, & Cheng, 2002) . Participants wearing contact lenses, those with astigmatism PÀ1.00 DC and those with ocular pathology were excluded from the analysis.
All eyes were cyclopleged prior to measurements as per the protocol of the SMS and SAVES studies. Briefly, the procedure involved instilling a drop of topical anesthetic (1% amethocaine hydrochloride, MINIMS, Chauvin Pharmaceuticals Ltd., London, England) in both eyes to enhance absorption of the cycloplegic drops (Mordi, Lyle, & Mousa, 1986) . This was followed by one drop of cyclopentolate 1% and one drop of tropicamide 1% (MINIMS, Chauvin Pharmaceuticals Ltd., London, England). Drugs were instilled in two cycles, with an interval of 5 min between the two cycles. An additional two drops of phenylephrine 2.5% were administered in subjects who had dark irides. Aberrometry and ocular biometric measurements were performed 25-30 min after the instillation of the last drop to ensure no residual accommodation was present.
Refractive error and total ocular aberrations were obtained using a Shack-Hartmann aberrometer (Complete Ophthalmic Analysis System™, COAS™, version 1.41.05, Wavefront Sciences Inc, Albuquerque, NM, USA) at both visits. The method used by the COAS to compute aberrations has been described elsewhere (Salmon & van de Pol, 2005; Thibos, 2000) . The aberrations were calculated at a reference wavelength of 550 nm. The COAS aberrometer uses the line of sight as the reference axis and the pupil diameter was set at 5 mm for analysis. Zernike coefficients were fitted up to 6th order using the standards recommended by the Optical Society of America (OSA) (Thibos, Applegate, Schwiegerling, & Webb, 2000) . Participants were asked to rest the forehead and chin against forehead band and chin rest respectively to minimize the pupil misalignment. Thereafter while recording aberrometry measurements, participants were asked to blink and the measurements were taken. Measurements were repeated till an acceptable measurement was obtained. Thus for all the participants a maximum of three readings were taken. Acceptable measurement was determined after rechecking each Shack-Hartmann grid pattern of these three measurements. The measurement in which the Shack-Hartman grid pattern was complete with no local irregularities or variations in shape was acceptable and was saved at the screening site for analysis.
Refractive errors were calculated using power vectors (M, J 0 and J 45 ) from 2nd and 4th-order Zernike coefficients (Atchison, 2005) . The root mean square (RMS) of 3rd-order, 4th-order, HOA (3rd and 4th-orders), spherical aberration (C[4, 0] ) and coma (C[3, À1] and C[3, 1]) was also calculated.
The Visual Strehl ratio computed in the frequency domain and based on the optical transfer function (VSOTF) was used as the metric for retinal image quality. This was computed from the measured wavefront aberrations for a pupil diameter of 5 mm (Iskander, 2006; Thibos, Hong, Bradley, & Applegate, 2004) according to the equation:
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CSNFðfx; fyÞ Ã OTFDLðfx; fyÞdfx Ã dfy where Re{OTF(fx, fy)} is the real part of the scaled optical transfer function, CSFN(fx, fy) is the neural contrast sensitivity function, OTFDL(fx, fy) is the diffraction limited optical transfer function and (fx, fy) denotes the spatial frequency coordinates. The scale of VSOTF ranges from 0 to 1. Software for computing VSOTF was written in MATLAB (R2009a, Mathworks, Natick, MA, US) and the coefficients of lower and higher-order aberrations (3rd-6th orders) from individual eyes obtained using the COAS aberrometer were used for the calculation of VSOTF. This metric is used to determine if the image quality attributable to higher-order aberrations (3rd-6th orders) at the baseline visit might predict myopic changes in refractive error. Normative values of photoreceptors directionality (q) and horizontal and vertical peak location (in mm) of the Stiles-Crawford effect (SCE) were also incorporated during the computation of VSOTF (Applegate & Lakshminarayanan, 1993) .
Axial length (AL), anterior chamber depth (ACD) and corneal radius of curvature were measured using IOLMaster™ (Carl Zeiss, Meditec AG Jena, Germany) after cycloplegia at both visits. The procedure has been detailed elsewhere (Ojaimi et al., 2005) . Briefly, IOLMaster™ uses partial coherent interferometry to measure axial length and image analysis to measure ACD and corneal radius of curvature. The corneal radius of curvature obtained for the horizontal and vertical meridians were averaged to obtain an average corneal radius of curvature.
In the present study, the influence of HOA in the development of myopia in emmetropic eyes was studied by investigating (a) the role of mean levels (in lm) of HOA and (b) the role of retinal image quality that is attributable to HOA.
Analysis
Participants wearing contact lenses, those with astigmatism PÀ1.00 DC and those with ocular pathology were excluded from the analysis. Thirty-two eyes (32) had astigmatism PÀ1.00 DC and were excluded from the analysis. Only the data from the participants who were emmetropic at the baseline visit (176) were analyzed in the present study. Emmetropia at both visits was classified as between +0.49 D and À0.49 D (both inclusive). The average age of the participants at the baseline visit (SMS study) was 12.63 ± 0.48 years and at the follow-up visit (SAVES study) was 17.08 ± 0.67 years.
A total of 476 emmetropes were enrolled at the baseline visit (SMS) and 300 emmetropes were lost to follow up. As a large percentage (63%) of eyes were lost to follow-up, an unpaired t test was performed to determine if the subjects lost to follow-up differed from the subjects who were followed up. No significant difference for the baseline values were observed for the spherical equivalent (p = 0.932) which could be a key predictor variable, between the participants lost to follow-up and the participants in this study.
Only right eyes of the participants were selected for analysis. Prior to the analysis, the eyes were assigned into two groups: 'myopic change' and 'no change'. Eyes with a change of PÀ0.50 D in onaxis spherical equivalent (M) were classified into the 'myopic change' group while eyes with change between À0.50 D and +0.50 D were classified as 'no change'. The eyes with a change P+0.50 D in on-axis spherical equivalent (M) were classified as the 'hyperopic change' group and were not included in further analysis (n = 10). Thus, of the 176 eyes, only 166 eyes were included in the analysis. Independent (unmatched-sample) t-test was carried out to determine the difference between baseline values of emmetropic eyes that had myopic change and no change in refraction. Paired (matched-sample) t-test was also done to determine the longitudinal change in biometric parameters, aberration coefficients and retinal image quality. Statistical significance was set at an experiment-wise error rate of p < 0.05. Statistical analyses were performed using SPSS (version 17, Chicago Inc., IL, USA).
Thereafter, the eyes were recombined as a single group to perform the general linear model to determine the association of change in spherical equivalent (M) with higher order aberration (HOA) coefficients and retinal image quality. The association of change in spherical equivalent (M) with HOA coefficients at baseline and retinal image quality at baseline was determined by designating the change in spherical equivalent as the dependent variable. Thereafter, HOA coefficients, RMS of the coefficients and retinal image quality at baseline were entered as covariates in the general linear model. The effect of age, gender, ethnicity and follow-up time of the participants were adjusted for by designating age as a covariate and gender, ethnicity and follow-up time as fixed factors in the model. Another general linear model was performed to determine the association of change in spherical equivalent (M) from baseline with change in HOA coefficients from baseline, by designating change in spherical equivalent (M) as the dependent variable and change in HOA coefficients as covariates. Age, gender, ethnicity and follow-up time were adjusted for in the same manner as the previous correlation analysis model. Thereafter, a third model (general linear model) was done with HOA coefficients at baseline and with the change in HOA coefficients from baseline.
Coefficients from 5th and 6th orders were not included in the analysis as these values were minimal (combination of 5th and 6th orders were less than 0.030 lm). Table 1 Of the 166 emmetropic eyes, 41 eyes (25%) underwent a myopic change in refractive error and remaining 125 eyes (75%) showed no change. Table 2 details the baseline values of emmetropic eyes in 'myopic change' and in 'no change' groups. Power vector M, axial length, anterior chamber depth, 3rd order RMS and coma RMS were significantly different between emmetropic eyes in 'myopic change' and in 'no change' groups. The difference in axial length at baseline visit for both groups were approximately 0.26 mm (p = 0.042), with eyes that subsequently became myopic having larger value. The eyes that subsequently became myopic had a greater anterior chamber depth (difference between two groups 0.11 mm). The mean age at baseline was not different between the groups (p = 0.461). In addition, other biometric parameters or Zernike coefficients were not significantly different between the groups. The eyes that showed no change had larger3rd order (p = 0.011) and coma RMS (p = 0.013) than eyes that subsequently became myopic. No significant difference was observed for retinal image quality. Table 3 details the change in biometric and refractive data, aberrations and retinal image quality for the eyes in 'myopic change' group. The mean spherical equivalent (M) for emmetropic eyes in 'myopic change' group was +0.055 ± 0.269 D at baseline and À1.00 ± 0.709 D at follow-up. These eyes had a mean change of À1.06 ± 0.58 D across the two visits which was significantly different. As expected, a significant increase (p < 0.001) in axial length (AL) and anterior chamber depth (ACD) was observed at the follow-up visit for the emmetropic eyes in 'myopic change' group (AL at baseline = 23.71 ± 0.79 mm and at follow-up = 24.17 ± 0.75 mm, ACD at baseline = 3.78 ± 0.22 mm and at follow-up = 3.86 ± 0.24 mm). No significant difference in anterior corneal radius of curvature between baseline and follow-up visits was observed for these eyes.
Results
Only coefficients which were significant are detailed in Table 5 . After performing general linear model analysis the potential multicollinearity between significant parameters, if any, was determined. The correlation between C(4, 4) at baseline and SA RMS at baseline was weak (R 2 = 0.047) and the correlation between SA RMS and HOA RMS was weak (R 2 = 0.136). Thus, the parameters at baseline that was significantly associated with change in refractive error were not strongly intercorrelated with each other. Secondly, the general linear model that was performed with the change in higher order aberrations from baseline as predictors for the change in spherical equivalent (M) showed that change in C[4, 0] (p < 0.001), fourth order RMS (p = 0.001) and coma RMS (p < 0.001) from baseline were significantly correlated. The p value of coefficients which were significant are detailed in Table 6 . After performing general linear model analysis the potential multicollinearity between significant parameters, if any, was determined. The correlation between change in C(4, 0) from baseline visit and change in fourth order RMS from baseline was weak (R 2 = 0.127).
Thus, the change in parameters from baseline visit that was significantly associated with change in refractive error was not strongly intercorrelated with each other. As the eye became myopic, C[4, 0] became negative and fourth order RMS decreased (Figs. 5 and 7). For coma RMS, as the eye became myopic coma RMS increased (Fig 6) .
Finally, the general linear model that was performed with the parameters at baseline visit and change in parameters from baseline visit showed that only change in parameters from baseline visit were significantly correlated with the change in refraction.
The p values of coefficients and RMS values are detailed in Table 7 .
Discussion
Among the biometric and refractive data, only spherical equivalent (M), axial length and anterior chamber depth were significantly different between the two groups. Larger baseline values of axial length and anterior chamber depth were observed in the 'myopic change' group compared to 'no change' group. The baseline values of spherical equivalent for the eyes in the 'myopic change' group were less compared to eyes in the 'no change' group. Among the higher-order aberrations, only 3rd order and coma RMS were significantly different. The baseline values of 3rd order and coma RMS of 'myopic change' group were less compared to 'no change' group.
The axial length at the baseline visit for these emmetropic eyes is in agreement with previous studies (Larsen, 1979) . Also, the axial length, anterior chamber depth and average corneal radius of curvature of emmetropic eyes at the baseline visit are similar to the age-matched (mean age around 12 years for both studies) emmetropic eyes reported previously (Hepsen, Evereklioglu, & Bayramlar, 2001 ). The minimal difference observed in axial length to that reported previously (23.21 ± 0.11 mm in Hepsen et al. and 23.49 ± 0 .67 mm in this study) could be due to Hepsen et al., studying only boys whereas the participants in this study comprised both boys and girls (girls are reported to have shorter axial length in comparison to boys (Zadnik et al., 2003) ). Goss et al. reported the differences in baseline values of those remaining emmetropic (mean age 10.8 ± 1.4 years) and those who became myopic (mean age 11.3 ± 1.5 years) (Goss & Jackson, 1995) . In accordance with our results, Goss et al. observed larger anterior chamber depth and axial length in the group who became myopic compared to the emmetropic group that had no change in refraction. However, the difference in axial length and anterior chamber depth was not statistically significant in the study by Goss et al., the plausible reason being the difference in age range between the groups. As only emmetropic eyes (emmetropic at baseline) were studied in this paper, a comparison of baseline higher-order aberration (HOA) coefficients with other refractive error groups was not possible.
Also, the results from the peer reviewed articles based on the Sydney Myopia Study (SMS) and the Sydney Adolescent Vascular and Eye Study (SAVES), for e.g. Martinez et al., 2009; Philip et al., 2012; Rose et al., 2008) , etc. were not compared with the results in this study as the participants in this study are a subset of the participants reported in those studies.
As expected and as documented in many previous studies (Mutti et al., 1998; Saw et al., 2005; Zadnik, Mutti, Fusaro, & Adams, 1995; Wong, Machin, Tan, Wong, & Saw, 2010 ) the eyes that had myopic change in refraction had increase in axial length at the follow-up visit. Increase in vitreous chamber depth can be attributed to the increase in axial length (Wong et al., 2010) . No significant change was observed for the corneal curvature as the eye became myopic and is in agreement with a longitudinal study conducted in teenage children (Horner, Soni, Vyas, & Himebaugh, 2000) . A significant increase in the anterior chamber depth was observed for the eyes that had myopic change in refraction which could have occurred as a result of thinning of the crystalline lens (Wong et al., 2010) . As the age increases (6 to 14 years) the crystalline lens tends to become thinner and flatter (Larsen, 1971; Zadnik et al., 2003) . Myopic eyes have been shown to have thinner crystalline lenses than hyperopic or emmetropic eyes (Shih, Chiang, & Lin, 2009; Zadnik et al., 1995) . In addition, myopic ocular growth is accompanied by equatorial and axial expansion of the eye which could lead to radial stretching of the crystalline lens (Mutti et al., 1998; Zadnik et al., 1995) . Such stretching results in a thinner and flatter crystalline lens (Mutti et al., 1998) . It was also observed that early decrease in lenticular power ceased at 10 years of age (Mutti et al., 1998) . One explanation proposed was that an increase in equivalent refractive index with age compensated for the decrease in power associated with the thinning and flattening of the crystalline lens (Mutti et al., 1998) . However, it has also been shown that rapid increase in lens weight and volume also ceases around 10 years of age (Augusteyn, 2007) which can provide an equally plausible explanation for the observed change in lens power progression.
The eyes in the 'no change' group had an increase in axial length which was significant and could be attributed to age related change in axial length (Atchison et al., 2008) . No significant difference was observed for mean anterior chamber depth between the two visits.
Comparable with previous studies reporting a minimal role for corneal curvature in refractive error development (Sorsby, Benjamin, Sheridan, Stone, & Leary, 1961) and that significant corneal curvature changes occurs before 3 years of age (York & Mandell, 1969) , we found no significant change in anterior corneal radius of curvature for the eyes with 'no change' and 'myopic change' in refraction. It is reported that cornea undergoes marked and significant changes in the first few years of life (i.e. until 3 years of age) and the changes that occur after the age of 3 years is minor and continues slowly to 13 years of age (Sorsby et al., 1961) . Also, crosssectional studies done in 7 to 17 years of age reported only 0.50 D change in corneal power (Fledelius & Stubgaard, 1986; Garner, Meng, Grosvenor, & Mohidin, 1990) . Thus, many studies reported that major changes in cornea occur up to only 3 years of age. Significant difference in higher order aberrations (C[3, À1], C[3, 3], C[4, À2] and C [4, 0] ) between the two visits could be attributed to the changes in the ocular components of the growing eye. As stated earlier, significant changes in ocular biometric parameters were observed in this study and the changes in higher order aberrations could occur as a consequence of these biometric changes. As postulated above, the age-related change that most likely could bring about changes in biometric and optical characteristics are changes in crystalline lens and axial length. However, other changes such as a shift in visual angles might also play a part and cannot be ruled out. Changes might occur in the curvature, asphericity, gradient refractive index and thickness of the crystalline lens due to the equatorial expansion of the eye. Changes in comatic aberrations might occur due to change in shape factors of the corneal and crystalline lens surfaces or alignment of ocular components. Intrinsic factors such as the shape of the surfaces (Skjaerlund, 1988) or angular origin related to the alignment of the optical components (eg. tilt and decenteration) (Artal, Benito, & Tabernero, 2006; Berrio, Tabernero, & Artal, 2010) have been considered responsible for the generation of comatic aberrations. It is unlikely that a significant decenteration of ocular components occurs in 5 years (follow-up time), however, tilt of ocular components can be associated with changes to the shape of the surfaces and hence could lead to changes in coma (Berrio et al., 2010) .
The origin of 4th-order aberrations, in particular spherical aberration may be associated with asphericity and curvature of the cornea and asphericity, curvature and gradient refractive index of the crystalline lens. Hence, an associated change in any of these parameters with ocular growth could result in a change in spherical aberration. It is possible that the changes in the characteristics of the crystalline lens are the reasons for the change in spherical aberration, as many studies reported a lack of correlation between anterior corneal asphericity and refractive error (Budak, Khater, Friedman, Holladay, & Koch, 1999; Carkeet et al., 2002) . Few authors have reported similar anterior corneal asphericity between various refractive error groups (Mainstone et al., 1998; Sheridan & Douthwaite, 1989) . Marcos (2002) reported that internal/lenticular spherical aberration becomes more negative as the eye becomes myopic. We had reported previously that myopic eyes have a higher amount of negative internal/lenticular spherical aberration compared to other eyes (Philip et al., 2012) . A few studies that addressed the association of changes in the cornea with changes in aberrations with age (Guirao, Redondo, & Artal, 2000; Oshika, Klyce, Applegate, & Howland, 1999; Amano et al., 2004) did not observe a correlation for corneal spherical aberrations and age. Also, the majority of studies that addressed the increase in total ocular aberrations with age reported that changes occurring to the crystalline lens parameters are responsible for the increase in total ocular aberrations (Amano et al., 2004; Fujikado et al., 2004) . Hence, age-related changes in the optical characteristics of the crystalline lens (Atchison et al., 2008; Smith & Atchison, 2001 ) could be the reason for the increase in aberrations with age.
The primary spherical aberration is indirectly proportional to the radius of curvature of a conicoid surface i.e. as the radius of curvature increases primary spherical aberration decreases (Smith & Atchison, 1997) . While the emmetropic eyes that underwent 'myopic change' had an increase in negative spherical aberration or a decrease in positive spherical aberration, the eyes in 'no change group' exhibited an increase in positive spherical aberration. An increase in negative internal spherical aberration for the myopic eyes has also been observed previously (Marcos, 2002) . The eyes that underwent myopic change in refraction could have thinner crystalline lenses (Shih et al., 2009; Wong et al., 2010) due to equatorial and axial expansion which in turn imposes mechanical forces on the lens such as stretching (Mutti et al., 1998; Zadnik et al., 1995) . As a consequence of stretching of crystalline lens in 'myopic change' group, these eyes may have thinner crystalline lens with larger radii of curvature and associated changes in curvature and gradient refractive index. These changes could lead to decrease in positive spherical aberration. The eyes in the 'no change' group could have thicker crystalline lens due to reduced stretching of eye (Wong et al., 2010) . These thickness changes might have resulted in lesser radii of curvature and associated changes in asphericity and refractive index. Thus, these changes could have resulted in increase in positive spherical aberration in the eyes in the 'no change' group. However, when an eye accommodates, positive total spherical aberration decreases or negative spherical aberration increases (Cheng et al., 2004; Hazel, Cox, & Strang, 2003; He, Burns, & Marcos, 2000; Ninomiya et al., 2002; Plainis, Ginis, & Pallikaris, 2005; Radhakrishnan & Charman, 2007) . The increase in generation of negative spherical aberration could be attributed to the changes in the crystalline lens during accommodation. These changes include increase in the anterior curvature (central), thickness, flattening of the periphery and changes in equivalent refractive index of the crystalline lens (Brown, 1973; Dubbelman, Van der Heijde, & Weeber, 2005; Garner & Yap, 1997; Koretz, Handelman, & Brown, 1984) . Thus, the changes occurring in the crystalline lens that could be attributed to the generation of negative spherical aberration during accommodation are opposite to the changes occurring in the myopic crystalline lens. This suggests that some additional or different mechanisms associated with crystalline lens changes which could possibly increase negative spherical aberration might be at play during myopic ocular growth.
In the present study, no significant association was observed between change in refraction and higher order aberrations at baseline when higher order aberrations at baseline and follow-up visit were combined together to be analyzed. This in turn suggests that the higher order aberrations at baseline are not a triggering factor to undergo a myopic change. Significant associations were observed between change in refraction with changes in C[4, 0], coma RMS and 4th order RMS from the baseline, of which the correlation for change in C[4, 0] (R 2 = 0.236, p < 0.001) was the strongest. Given the results from this study, it appears that the level of higher order aberrations at baseline is not a predicting factor for the subsequent myopic ocular growth, and the change in higher order aberrations from baseline could be a consequence of myopic change. An increase in negative spherical aberration is said to be associated with accommodative errors, especially accommodative lag (Buehren & Collins, 2006) and negative spherical aberration could trigger ocular growth (Collins & Wildsoet, 2000) . Thus, accommodative lag (Abbott, Schmid, & Strang, 1998) and negative spherical aberration (Collins & Wildsoet, 2000) could be associated with myopic shift in refraction. Although, our longitudinal results support the association of change in C[4, 0] in a negative direction with myopic change in refraction, significant association was not observed for negative C[4, 0] at baseline and subsequent myopic shift in refraction. Nevertheless, the role of negative spherical aberration in triggering myopic ocular growth cannot be ignored.
VSOTF computed with higher order aberrations (3rd-6th orders) for a pupil diameter of 5 mm gives an estimation of the image quality at the retina. The incorporation of Stiles-Crawford effect (SCE), which reduces the impact of optical aberrations and scattering on vision in the computation of VSOTF gives an image quality prediction that correlates well with visual performance (Schwiegerling, 2003) . The emmetropic eyes that experienced myopic change and those that did not exhibit a change in refraction had similar values for VSOTF at baseline. No significant correlation was observed for VSOTF at baseline with change in refraction and suggests that image quality degradation caused by higher-order aberrations (3rd-6th orders) does not trigger ocular growth.
Interpretation of the results pertaining to image quality might not be generalizable to natural viewing conditions as changes can occur to aberration coefficients during accommodation as well as the larger effect of defocus that might be caused by accommodative lag could affect image quality (Buehren, Iskander, Collins, & Davis, 2007) . Image quality as calculated using point spread function (PSF) with the combination of higher-order aberrations (3rd-6th-orders) and myopic or hyperopic defocus could improve our knowledge about the potential cues to emmetropisation.
Many studies on animals (Edwards, 1996; Guo, Sivak, Callender, & Herbert, 1996; Kee, Marzani, & Wallman, 2001; Metlapally & McBrien, 2008; Napper et al., 1997; Norton, 1990; Smith & Hung, 2000; Troilo, Gottlieb, & Wallman, 1987; Troilo & Wallman, 1991; Wallman & Adams, 1987; Wallman, Turkel, & Trachtman, 1978; Wildsoet, 1997; Zhong, Ge, Smith, & Stell, 2004) have emphasized emmetropisation as a visually guided mechanism, and a disruption to this mechanism (eg. by degradation of retinal image quality) can result in abnormal ocular growth. The abovementioned studies established that the clarity of retinal image plays an important role in the process of 'myopisation'. Reviews on the association of retinal image quality with development of refractive errors also identify the importance of a clear image for emmetropization (Charman, 2005; Wallman & Winawer, 2004) .
The current study has some limitations. The effect of higherorder aberrations (3rd-6th orders) on the image quality was determined for the eyes that are cyclopleged and a fixed pupil diameter of 5 mm was assumed in the calculation. As the study involved data collection from schools within the Sydney metropolitan area, measurement of aberrations in uniformly dim illumination in all examination rooms was not practicable. All participants were cyclopleged to minimize the effect of variation of illumination on aberrometry measurements. Thus, determination of the effect of higher-order aberrations on the image quality in natural viewing condition was not possible. Consequently, the potential cues provided by higher-order aberrations in the presence of myopic/ hyperopic defocus and the combined role of higher-order aberrations with accommodative anomalies such as lag of accommodation could not be addressed in this study.
It has been reported previously that there is substantial short term variability in measurements of higher order aberrations which are mostly attributed accommodation, pupil size changes, tear film changes, misalignment, pulse and respiration (Cheng et al., 2004; Davies, Diaz-Santana, & Lara-Saucedo, 2003; Salmon & van de Pol, 2005; Zhu, Collins, & Robert Iskander, 2004) . In this study, participants were cyclopleged to avoid fluctuations in aberrations due to accommodation and pupil size differences at different illumination levels in a school setting. Further, COAS aberrometer measurement grid was carefully aligned to the pupil centre before measuring the aberrations. Participants were asked to rest the forehead and chin against forehead band and chin rest respectively to minimize the pupil misalignment. Thereafter while recording aberrometry measurements, participants were asked to blink and the measurements were taken. Measurements were repeated till an acceptable measurement was obtained. Acceptable measurement was determined after rechecking each Shack-Hartmann grid pattern. The measurement in which the Shack-Hartman grid pattern was complete with no local irregularities or variations in shape was acceptable and was saved at the screening site for analysis. Thus these precautions were taken before the measurement of aberrations to minimise the impact of factors that may increase measurement variability, to try and improve the reliability of the aberration measures.
The role played by baseline values of spherical equivalent, axial length and anterior chamber depth could not be ignored as these are considered as key predictor variables to the development of myopia. In this study, the eyes in the 'myopic change' group had significantly greater axial length, anterior chamber depth and less spherical equivalent at the baseline compared to eyes in the 'no change' group. It is likely that the differences in the baseline values of axial length, anterior chamber depth and spherical equivalent between both groups could have contributed to the development of myopia. However, the possible contribution of the baseline biometric characteristics of the eyes to the development of myopia was not determined as the purpose of this study was to determine the role of higher order aberrations and associated retinal image quality in the development of myopia.
Summary
The change in C[4, 0] was significantly correlated with the change in refractive error with a tendency of C[4, 0] to become more negative or less positive as the eyes became myopic and to become more positive in the eyes that did not experience any change in refractive error. It is possible that the changes in the radii of curvature, asphericity and gradient index of crystalline lens associated with ocular growth could be the reason for the changes in spherical aberration. Finally the present study did indicate that retinal image quality of eyes (cyclopleged) at baseline determined using VSOTF as the metric, is not a triggering factor for the myopisation of emmetropic eyes.
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